Introduction
Interneuron networks in the hippocampus and cortex are able to generate rhythms with frequencies ranging from a few tens of Hertz to a few hundreds of Hertz, which are believed to play a key role in information processing in these brain areas (McBain and Fisahn, 2001) . The conditions under which these networks can generate rhythms in a slower time domain remain unclear. In heterologous systems, it has been shown that activation of group I metabotropic glutamate receptors (mGluRs) (mGluR1 and mGluR5) can lead to regular Ca 2ϩ signals with a period on the order of tens of seconds (Kawabata et al., 1996 (Kawabata et al., , 1998 . These signals depend on the recruitment of intracellular Ca 2ϩ stores. In certain hippocampal interneurons, mGluR activation leads to an oscillatory inward current response (McBain et al., 1994) which correlates with periodic Ca 2ϩ waves and action potential bursts (Woodhall et al., 1999) . Thus, activation of mGluRs located on hippocampal interneurons is able to generate slow neuronal rhythms. However, much remains to be known concerning the sources, underlying cellular mechanisms, and functional consequences of such rhythms.
In the cerebellar cortex, Karakossian and Otis (2004) reported that stimulation of parallel fibers (PFs) under conditions in which ionotropic glutamate receptors are inhibited, or application of a specific agonist of mGluR1 generate a synaptic current in molecular layer interneurons (MLIs). These authors also showed that activation of group I mGluRs leads to increased MLI spiking and subsequent enhancement of the frequency of spontaneous synaptic currents recorded from Purkinje cells (PCs), in accord with previous data obtained using a broad spectrum agonist (Llano and Marty, 1995) . Interestingly, mGluR1 has been identified in MLIs at postsynaptic locations by immunogold staining (Baude et al., 1993) . These data prompted us to search for the presence of periodic changes in MLI behavior linked to mGluR activation and to dissect the cellular mechanisms underlying these changes. Here we report that glutamate release resulting from stimulation of glutamatergic fibers produces Ca 2ϩ transients in MLI somata, through activation of mGluR1. Long-lasting activation of these receptors leads to robust Ca 2ϩ oscillations that last for the entire duration of agonist application. Each Ca 2ϩ transient is accompanied by a burst of action potentials, which correlates with the onset of the transient. A pharmacological study of the signal suggests that phospholipase C-mediated production of D-myo-inositol-1,4,5-triphosphate (InsP 3 ) is not necessary to produce the first Ca 2ϩ transient but is critical for maintaining the subsequent Ca 2ϩ transients during prolonged administration of 8 -10 M⍀ range. ML⌱ identification was confirmed by the observation of large (0.8 -1.7 nA), transient inward currents when the membrane potential was stepped for Ϫ70 mV to Ϫ10 mV for 2 ms (Collin et al., 2005) . The pipette solution was allowed to equilibrate with the cytosol for 30 -45 s and the pipette was then removed. If a high-resistance (Ͼ1 G⍀) outside-out membrane patch was obtained, the preloaded MLI was considered suitable for Ca 2ϩ imaging. For simultaneous recordings of Ca 2ϩ transients and spike activity, a new patch pipette was approached to a preloaded MLI. A high resistance seal was established and currents were monitored, maintaining the pipette potential at 0 mV. Analysis of the electrical signals for spike detection was conducted in IGOR-Pro (Wavemetric).
Experiments on mGluR-evoked currents in conjunction with Ca 2ϩ transients were done in the WCR configuration, with the same pipette solution as that used for preloading experiments. For the recording of the current-voltage relation of the mGluR-activated current, a K ϩ -free solution was used to eliminate the contribution of voltage-gated K ϩ channels. This solution contained, in mM: 140 Cs methanesulfonate, 10 BAPTA-Cs, 10 HEPES-Cs, 2 MgCl 2 , 5 CaCl 2 , 0.4 Na-GTP, and 4 Na-ATP.
Unless otherwise stated, BBS contained blockers of ionotropic GABA A (20 M bicuculline methochloride) and glutamate receptors: 20 M 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX) and 100 M D-(Ϫ)-2-amino-5-phosphonopentanoic acid (D-APV). The high concentration of NBQX used ensured that the block was effective during sustained agonist application. These compounds, as well as 1-aminoindan-1,5-dicarboxylic acid (AIDA), L-quisqualic acid (Quis), ( S)-3,5-dihydroxyphenylglycine (DHPG), and 7-(hydroxyimino)cyclopropa [b] chromen-1a-carboxylate ethyl ester (CPCCOEt), were purchased from Tocris Bioscience. Ryanodine was purchased from Ascent Scientific. All other chemicals were purchased from Sigma/Calbiochem. Stocks of ryanodine, CPCCOEt, U73122, 2-amino phenyl borate (2-APB), and nimodipine were prepared in DMSO at concentrations of 100, 100, 2, 90, and 100 mM, respectively. All other stocks were prepared in H 2 O. For experiments in which extracellular Ca 2ϩ was removed, 100 M EGTA was added to a Ca 2ϩ -free BBS. Extracellular stimulation of glutamatergic inputs was performed in coronal slices by applying trains of voltage pulses (100 s duration; 40 -60 V amplitude) between a reference platinum electrode and another platinum electrode carried by a 2-m-tip-diameter glass pipette filled with a HEPES-buffered solution (HBS) containing (in mM): 145 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES-Na; input resistance of 2-3 M⍀. This pipette was repositioned in the molecular layer until a stable Ca 2ϩ rise response was evoked. Stimulus trains at frequencies of 25-50 Hz gave responses with peak ⌬F/F o amplitude and duration which did not differ significantly. Results have been pooled together. In preliminary experiments, we verified using WCRs that this type of electrical stimulation elicited synaptic currents consistent with those described previously for PF-MLI synapses (Carter and Regehr, 2000; Rossi et al., 2008) .
To study agonist-evoked responses, puffs (1 s duration) of group I mGluR agonists were applied with a puffer pipette (2 m tip opening, located 20 -30 m from the MLI soma) connected to a Picospritzer (General Valve) set at 5-7 psi. The pipette was filled with HBS plus either 2 M Quis, 20 M NBQX, and 100 M D-APV, or 50 M DHPG.
Statistical values are given as mean Ϯ SEM; n refers to the number of cells. Unless otherwise noted, the paired Student's t test was used to evaluate statistical differences. Results were considered significantly different if p Յ 0.05.
Results
Repetitive stimulation of glutamatergic fibers induces an mGluR1-mediated Ca 2؉ increase in MLIs In the cerebellar cortex, PFs form tightly knit bundles of axons that fill a large fraction of the space of the molecular layer. Consequently, concerted stimulation of a bundle of PFs results in a homogeneous elevated glutamate concentration in the molecular layer that decreases relatively slowly because of the inefficiency of removal by diffusion (Barbour and Häusser, 1997) . This elevated glutamate generated by repetitive stimulation of PFs has been shown to stimulate various ionotropic receptors in MLIs (Carter and Regehr, 2000; Rossi et al., 2008) . Repetitive PF stimulation also can induce an inward current in these neurons, with a pharmacological profile consistent with the activation of mGluR1 (Karakossian and Otis, 2004) . Whether such activation can lead to changes in intracellular Ca 2ϩ in MLIs, however, has not been investigated despite the importance of Ca 2ϩ homeostasis in multiple aspects of neuronal function.
To investigate the relationship between activation of mGluRs and Ca 2ϩ signals, we first preloaded individual MLIs with the Ca 2ϩ sensitive indicator OG1 using a short WCR (preloaded MLI; Conti et al., 2004; Rengifo et al., 2007 ) (see Materials and Methods) , and then followed the fluorescence signals in response to stimulation of glutamatergic fibers. As shown in Figure 1 , A1 and A2, a 40 Hz train of stimuli, in the presence of the ionotropic receptor blockers NBQX, D-APV, and bicuculline, led to an increase in somatic fluorescence, with peak ⌬F/F o values of 108.5 Ϯ 8.9% (average of 10 experiments with stimuli trains of 1-2 min duration). When cells were repetitively stimulated over a period of Ͼ40 min, the magnitude of the response was maintained (Fig. 1 A3) . The response was strongly inhibited or, in several cases, totally abolished by application of the selective mGluR1 antagonist CPCCOEt (100 M) ( Fig. 1 A1, A2 ). On average, the response decreased to 26.6 Ϯ 8.9% of the control value in six cells ( p Ͻ 0.0002), and after washout of the antagonist, the response recovered to 48.7 Ϯ 16.0% of the control value (n ϭ 3). In view of recent reports on actions of CPCCOEt unrelated to mGluRs (Fukunaga et al., 2007; Shin et al., 2009) , we tested AIDA, a selective mGluR1a antagonist that is not structurally related to CPCCOEt (Moroni et al., 1997; Otani et al., 1999) . Fluorescence signals elicited by trains of extracellular stimulation were decreased to 50% of their control value after 8 -11 min of exposure to this drug (n ϭ 4; p Ͻ 0.003). The smaller degree of block of AIDA compared with CPCCOEt is attributable to the competitive nature of this blocker (Moroni et al., 1997) .
The fluorescence signals displayed a first transient that lasted, on average, 37.6 Ϯ 8.1 s (n ϭ 10), and were followed by later transients in 5 of 10 recordings ( Fig. 1 B, see example) . Although Ca 2ϩ responses having a single peak could be elicited by short trains of extracellular stimulation (Fig. 1C, see example) , the later transients were obtained only if the electrical stimulation was maintained, suggesting that agonist binding by mGluRs is a prerequisite for the generation of repetitive Ca 2ϩ rises. Another feature of the responses to electrical stimulation was their weak temperature sensitivity. That is, the first transient was similar in amplitude and time course at 22°C and at physiological temperature (Fig. 1C, see example) . The ratio of peak ⌬F/F o values at 36°C over values at 22°C was 0.94 Ϯ 0.10, and the corresponding ratio for the duration of the first transient was 0.95 Ϯ 0.21 (n ϭ 4). In summary, our results show that after glutamate release resulting from stimulation of glutamatergic fibers, MLI somata produce Ca 2ϩ transients in response to activation of mGluR1 and that this process does not have a strong temperature sensitivity.
Rhythmic Ca
2؉ signals in response to mGluR activation To study more directly the Ca 2ϩ signals elicited by stimulation of glutamatergic fibers, we then directly applied the potent agonist of group I mGluRs, quisqualate (2 M), in the presence of ionotropic blockers. Addition of quisqualate elicited a series of Ca 2ϩ transients which, as illustrated in Figure 2 A, lasted for the entire duration of agonist application (up to 10 min) and stopped after the agonist was removed from the bath. For a given MLI, there was little variation in the peak amplitude of the transients throughout the response (Fig. 2 A) . Furthermore, the frequency of the transients was also remarkably constant throughout the response, as documented below. Finally, there was little variation when comparing responses to separate agonist application in a given cell.
First versus subsequent Ca
2؉ transients We found that the first transient is consistently broader than the subsequent transients, whereas all subsequent transients are remarkably similar in shape ( Fig. 2 ; further examples may be seen in Figs. 3 and 4 and, below, in Fig. 8) . This difference in duration between the first and subsequent transients translated into a highly significant difference for their areas (%⌬F/F o ⅐ s values were 1918 Ϯ 171 and 648 Ϯ 87 for the first and the secondary Once the first transient was past, areas under Ca 2ϩ transients calculated for subsequent transients displayed a remarkably small coefficient of variation (0.159 Ϯ 0.017; n ϭ 23), indicating a high degree of reproducibility for these transients. These results suggest that there are two different types of Ca 2ϩ transients generated by quisqualate application, and that a distinction must be made between the first transient and all subsequent transients. Note, however, that the late transients elicited by prolonged extracellular stimulation (as in Fig. 1 ) were less regular and reproducible than those elicited by quisqualate. Finding the reason for this difference would presumably require further investigation of the specific effects of various extracellular stimulation parameters on the late calcium fluctuations.
Relation between Ca
2؉ transients and spike firing To correlate the electrical activity of the cell with the Ca 2ϩ signals, we performed experiments in which the preloaded MLI was subjected to a cell-attached patchclamp recording in parallel to Ca 2ϩ imaging (Fig. 2 A) . Under these conditions, the spontaneous firing rate of MLIs was 0.83 Ϯ 0.42 Hz (n ϭ 6). This value is lower than that published by Häusser and Clark (1997) from recordings from older rats (postnatal day 18 -32) or by MannMetzer and Yarom (1999) for work in adult guinea pigs, both of which obtain average firing rates around 12 Hz. For juvenile MLIs, spontaneous spike rates were reported for the presynaptic partner of MLI-MLI pair recordings (Kondo and Marty, 1998, their their work, silent MLIs would have been discarded, because the aim was to obtain a synaptically connected pair.
The experiments revealed that each Ca 2ϩ transient was accompanied by a burst of action potentials. We analyzed the electrical activity in terms of the burst duration and the instantaneous spike frequency. As with the Ca 2ϩ response, the first burst of action potentials was distinct from the following bursts. In six cells, the duration of the first spike burst was 15.9 Ϯ 3.9 s, whereas the second burst lasted 4.6 Ϯ 0.7 s. The ratio between spike durations for the first versus subsequent bursts (0.32 Ϯ 0.13) corresponds to the ratio between the areas of the respective Ca 2ϩ transients in the same recordings (0.39 Ϯ 0.11). The temporal pattern of firing within a burst also depended on the burst number. This is illustrated in Figure 2 B, from an experiment in which laser pointing was used to attain a fast sampling of the fluorescence signals (see Materials and Methods). To compare the first (Fig. 2 B1 ) and the second (Fig. 2 B2 ) transient, they have been illustrated in terms of the changes in fluorescence (black traces) and the time-locked action potential frequency (blue traces). Note that, although the peak of firing frequency occurred at the peak of the Ca 2ϩ response for the first wave, maximum spiking frequency is reached at the onset of the Ca 2ϩ response for the subsequent transients. The spike frequency reached higher levels during the second burst (70.1 Ϯ 6.1 Hz, averaged for 6 cells) than during the first burst (30.8 Ϯ 4.0 Hz, averaged for the same 6 cells). The ability to maintain a high spike frequency during the burst also differed when comparing the first and subsequent bursts. A measure of the spike frequency sag over the duration of the burst is the ratio of the spike frequency at the end of the burst divided by the peak spike frequency. This parameter, the spike frequency sag, shows that the second burst decayed to a greater extent than the first burst (the spike frequency sag was 0.61 Ϯ 0.09 for the first burst and 0.27 Ϯ 0.06 for the second burst; n ϭ 6) despite the longer duration of the first burst.
Neighboring MLIs have been shown to couple via gap junctions in the adult guinea pig cerebellum (Mann-Metzer and Yarom, 1999) . The influence of gap junctions on cell synchrony is heavily frequency dependent. Thus, although gap junctions are too weak in juvenile rats to induce a marked coupling between individual spikes (Vincent and Marty, 1996) , it seemed plausible that it would be sufficient to synchronize quisqualate-induced bursts among neighboring MLIs. Therefore, we investigated the possibility that electrical coupling contributes to the oscillatory behavior induced by mGluR activation, by simultaneously recording the Ca 2ϩ signals in pairs of preloaded MLIs whose somas were placed within 50 m of each other. In 5 of 10 simultaneous recordings, as illustrated in Figure 3A , the cells were totally out of synchrony. In the other five recordings, evidence of synchronization was obtained, but the waves were not entirely in phase. An example of such a hybrid case is displayed in Figure 3B . In this case, the two first waves coincide in time for the two recorded cells; later, the waves occur out of synchrony, but one of the cells (black trace) adopts a frequency that is exactly twice that of the other cell (blue trace), and during each blue cycle, the two peaks of the black trace occur with a fixed phase delay with regard to the blue trace. Such behavior is unlikely to occur by chance and suggests that on quisqualate application, the gap junctions in the MLI network induce, first, synchrony and, later, a phase-locked harmonic coupling between the two recorded cells. Together, the results show that in the present preparation, there is either no coupling or incomplete coupling between quisqualate-induced bursts in adjacent neurons. However, it should be kept in mind that, for reasons that are still unclear, the degree of electrical coupling is weak in slices from juvenile rats, and it can be surmised that in conditions in which the coupling is stronger (e.g., adult guinea pigs) (Mann-Metzer and Yarom, 1999), synchrony may be much more extensive than that illustrated in Figure 3 .
Given the concerted changes in spike pattern and Ca 2ϩ signaling, the question arises as to whether depolarization-induced Ca 2ϩ influx is sufficient to explain the Ca 2ϩ transients. To address this issue, quisqualate responses were analyzed in neurons bathed in TTX to eliminate action potentials. Under these conditions, robust Ca 2ϩ oscillations were obtained (Fig. 4) with amplitude and frequency parameters comparable to those obtained in the absence of TTX (control peak amplitude and frequency: 105.7 Ϯ 5.1% and 30.6 Ϯ 2.6 mHz, n ϭ 66; respective values in TTX: 149.4 Ϯ 13.4% and 21.4 Ϯ 2.4 mHz, n ϭ 8). Similar results were obtained when the Ca 2ϩ responses to the specific group I mGluR agonist DHPG were studied. Thus, the peak amplitude and frequency of responses to this agonist in the absence of TTX were 96.2 Ϯ 25.3% and 33.3 Ϯ 14.8 mHz (n ϭ 4), and the corresponding values in TTX were 104.3 Ϯ 28.0% and 27.8 Ϯ 5.5 mHz (n ϭ 3).
In MLIs, sustained application of GABA A R agonists has been previously shown to elicit Ca 2ϩ signals that are caused by the accumulation of Cl Ϫ ions in the cytosol (Chavas et al., 2004) . Because mGluR-and GABA A R-mediated signals are superficially similar, we compared several aspects of the two responses with the aim to discover whether they share a common cellular mechanism. We found that, whereas GABA A R-mediated Ca 2ϩ signals are initiated in dendrites and then travel as Ca 2ϩ waves toward the cell soma (Chavas et al., 2004) , mGluR-mediated Ca 2ϩ signals rose simultaneously in the soma and in dendrites (Fig. 4) . Furthermore, contrary to GABA A R-mediated Ca 2ϩ signals, which are larger in dendrites than in the soma (Chavas et al., 2004) , the mGluR-mediated signals were either smaller in dendrites than in the soma (Fig. 4, see example) or had similar sizes in both compartments (Fig. 6, see example) . On average, the ratios of peak dendritic signal to peak somatic signal were 0.66 Ϯ 0.25 in TTX (n ϭ 4) and 0.91 Ϯ 0.04 in the absence of TTX (n ϭ 6).
Together, these data show that sustained activation of group I mGluRs leads to a dramatic switch in MLI spike pattern, from a slow tonic mode to a rapid burst mode, and the changes in spik- ing pattern correlate with Ca 2ϩ oscillations. However, the spikes are not necessary to sustain the Ca 2ϩ oscillations.
Ionic currents linked to activation of group I mGluRs
The results described in the previous section were conducted in MLIs subjected to preloading, an experimental protocol which we developed to minimize alterations in the cell's intracellular environment (Conti et al., 2004; Chavas et al., 2004; Rengifo et al., 2007) . Because previous reports (Karakossian and Otis, 2004) showed that mGluR1 activation in MLIs after either repetitive PF stimulation or direct agonist application elicits a cationic current, we next investigated the ionic counterpart of the mGluR responses. To our surprise, when MLIs were maintained in WCRs and challenged with puffs of agonists (either quisqualate or DHPG), Ca 2ϩ transients were obtained in only 9 of 34 trials. This contrasted with results obtained with the preloading procedure in which puffs elicited a Ca 2ϩ transient in all MLIs tested. There was a strict correlation between the existence of a Ca 2ϩ rise and that of an ionic current. In all WCR cases in which inward currents were recorded at Ϫ70 mV, Ca 2ϩ responses were obtained in parallel. In most responding MLIs, the amplitude of both the current and the Ca 2ϩ transients decreased rapidly during recording, reflecting washout of an unknown cell constituent. Washout occurred with a similar time course for the two responses so that, within a single experiment, the two responses were in synchrony.
To determine the relationship between the currents and the Ca 2ϩ responses, we collected measurements in the first minutes of WCR. Both current and Ca 2ϩ transients started with a delay of ϳ1 s after a puff application of agonist, presumably reflecting the slow activation kinetics of the receptors, and the response decayed back to baseline within 4 -8 s (Fig. 5A,B) . The Ca 2ϩ and current transients had similar temporal courses, with slower currents corresponding to slower Ca 2ϩ transients. In the two examples shown, the time constants of decay for the DHPG-activated currents differ by a factor of 3 (Fig. 5A, B, lower traces) ; the same factor describes the difference in the time constant of decay of the Ca 2ϩ transients (Fig. 5A, B, upper traces) . Average values for the DHPG-induced currents at Ϫ70 mV were 18 Ϯ 5 pA, with corresponding peak ⌬F/F o signals of 87 Ϯ 4.5% (n ϭ 4), and averaged values for quisqualate (at 2 M)-induced currents were 64 Ϯ 11 pA with peak ⌬F/F o values of 103 Ϯ 26% (n ϭ 5).
These data show that the metabotropic currents and the initial Ca 2ϩ rise are tightly linked, which strongly suggests a causal relation. Canonical transient receptor potential channels (TRPCs), first demonstrated to be present in brain tissue and susceptible to be activated by G q -coupled receptors by Strübing et al. (2001) , are attractive candidates to underlie the measured currents because they have been shown to link to group I mGluRs in neuronal cells (Gee et al., 2003; Bengtson et al., 2004; Berg et al., 2007; Ene et al., 2007; Wang et al., 2007) . Generally, the single-channel conductance of other TRP channels is larger than the value obtained for TRPC1, 3, and 4.
To further characterize the mGluR-induced currents, we determined the current-voltage relationship using Cs methanesulfonateloaded MLIs, as done by Karakossian and Otis (2004) for the recording of mGluR-mediated EPSCs in these neurons. Under these conditions, the proportion of WCR trials in which mGluR agonist elicited an ionic current was also quite low. The reason for the strong washout of mGluR responses in the present experiments remains unknown. In 3 MLIs of 32 trials, the DHPGinduced currents were maintained long enough during the WCR to measure the voltage dependence of the current (Fig. 5C1, C2 ). We found a very strong outward rectification (Fig. 5C2) , which is similar to that seen for TRPC3 channels (Kamouchi et al., 1999; Dietrich et al., 2003 ) but unlike the current-voltage relationship for TRPC1 and 4 (Pedersen et al., 2005; Owsianik et al., 2006; Ramsey et al., 2006; Clapham, 2009 ). The rectification found in the MLIs also differs from that seen in hippocampal CA3 pyramidal cells (Gee et al., 2003) .
Together, our data suggest that TRPCs underlie the mGluRmediated currents in MLIs. 
What is the source of Ca 2؉ during the mGluR-mediated responses?
To determine the source of Ca 2ϩ during mGluR-mediated responses, we tested various pharmacological and ionic conditions on MLIs preloaded with Ca 2ϩ indicator. Responses were initiated by puff application of quisqualate. We found that Ca 2ϩ removal from the bath for a few minutes eliminated the Ca 2ϩ transients in a reversible manner (Fig. 6 A) and that preincubation with 2-APB (90 M), a nonspecific potent blocker of TRPC3, TRPC4, TRPC5, and TRPC6 (van Rossum et al., 2000; Xu et al., 2005) , strongly inhibited the response (Fig. 6 B, summary) . However, preincubation with U73122, an inhibitor of phospholipase C (PLC), did not affect the initial Ca 2ϩ rise (Fig. 6 B) . Note that Ca 2ϩ removal abolishes the response in both soma and dendrites (Fig. 6 A2, A3) , as expected from the similarity of the responses in these two regions (Fig. 4) . We conclude from these results that the source of Ca 2ϩ during the first phase of the response is extracellular, and that PLC activation is unnecessary. The effects of 2-APB suggest that the current associated with mGluR activation is responsible for Ca 2ϩ entry. The receptor responsible for these responses is mGluR1, since CPCCOEt eliminated the agonist-evoked Ca 2ϩ rises (n ϭ 3; data not shown).
A very different set of results was found when investigating the Ca 2ϩ response during prolonged quisqualate application. As in the case of the Ca 2ϩ responses to puff application of mGluR agonists described above, prolonged bath application of agonist was only efficient in initiating a Ca 2ϩ response if Ca 2ϩ was present in the bath ( Fig. 7A ; summary in Fig. 7D ). However, once the quisqualate-induced response was initiated, removal of Ca 2ϩ did not prevent the generation of subsequent Ca 2ϩ oscillations (Fig. 7B) . Indeed, Ca 2ϩ removal affected neither the amplitude nor the frequency of ongoing oscillations (Fig. 7D, summary) . However, on Ca 2ϩ readmission, the cell often went to a high Ca 2ϩ plateau (Fig. 7B) . To estimate the speed of Ca 2ϩ removal from the extracellular space in these experiments, we stimulated the cells extracellularly to elicit action potential-induced Ca 2ϩ rises. We found that these responses were totally eliminated after Ͻ2 min of Ca 2ϩ removal (Fig. 7C) . This result clearly demonstrates that the lack of effect of Ca 2ϩ removal is not caused by Ca 2ϩ remaining in the extracellular domain because of diffusion delays.
Because high-threshold L-type Ca 2ϩ channels were previously shown to contribute to somatodendritic Ca 2ϩ rises in MLIs (Chavas et al., 2004) , we next asked whether the depolarization that is associated with the activation of the mGluRmediated currents is sufficient to activate these channels, which could then contribute to the resulting Ca 2ϩ signal. We found that addition of the L-type Ca 2ϩ channel blocker nimodipine had effects similar to those of Ca 2ϩ removal from the extracellular media. Whereas nimodipine (20 M) applied before addition of the agonist resulted in a very strong inhibition of the entire response, nimodipine application after the initial agonist induced Ca 2ϩ transient but, during an ongoing oscillation, only resulted in a modest inhibition of the amplitude of each Ca 2ϩ wave, without disrupting the overall pattern of the response (Fig. 7D, summary) .
The above results indicate that the previously noted differences between the first and subsequent Ca 2ϩ transients correspond to profound differences concerning generation mechanism for each class of transients. Whereas the first transient depends on Ca 2ϩ influx and is amplified by depolarization-induced activation of L-type Ca 2ϩ channels, subsequent transients do not require extracellular Ca 2ϩ or activation of L-type Ca 2ϩ channels. Therefore, the first transient must be generated by Ca 2ϩ entry, but the subsequent transients reflect primarily release from intracellular stores. Finally, it is important to note that the entire Ca 2ϩ oscillatory response is abolished if the generation of the first transient has been prevented by previous Ca 2ϩ removal. Thus, the first transient provides a signal that is necessary for the generation of subsequent oscillations.
Involvement of intracellular Ca
2؉ stores during prolonged mGluR activation mGluR1 receptors are classically coupled to PLC, and activation of this lipase is essential for production of InsP 3 in many systems. In cerebellar MLIs, the existence of InsP 3 -sensitive Ca 2ϩ stores was recently demonstrated (Rengifo et al., 2007) . As detailed above, the Ca 2ϩ responses to puff application of quisqualate did not depend on PLC activation (Fig. 6) . However, in view of the lack of effect of Ca 2ϩ removal on ongoing oscillations, we asked whether PLC activation could be involved in the recruitment of intracellular Ca 2ϩ stores after the initial response, during the subsequent Ca 2ϩ transients. We therefore compared, in experiments using preloaded cells, the responses to prolonged applications of quisqualate before and after 10 min exposure to the PLC blocker U73122. On average, there was no change in the oscillation frequency in the presence of the inhibitor (Fig. 8 A) . Analysis of the areas under the first and subsequent phases of the oscillations shows that the first transient is unaffected, whereas the amplitude of subsequent transients is significantly diminished (Fig.  8 A) . Control experiments in which two applications of quisqualate were performed at 10 min intervals in MLIs maintained in Figure 6 . Pharmacological profile of the metabotropic Ca 2ϩ transients. A1, ⌬F/F o images corresponding to the peak of the Ca 2ϩ response to a 1 s puff of 100 M DHPG in a preloaded MLI in control conditions (first panel), and at different times after the extracellular solution was changed to a Ca 2ϩ -free BBS containing 100 M EGTA. The response disappears in the absence of extracellular Ca 2ϩ and recovers when Ca 2ϩ is reintroduced (last panel). A2 and A3 show the time course for the signals analyzed in the soma and in a dendritic ROI in the control period (black traces), 4.5 min after Ca 2ϩ removal (red traces), and 9 min after Ca 2ϩ readmission (blue traces). B, Pooled data on the effects of Ca 2ϩ removal (n ϭ 4; Ca 2ϩ was removed 4 -5 min before the test puff), U73122 (n ϭ 5 with 5 min treatment at 2 M), and 2-APB (n ϭ 7 with 5-7 min treatment at 90 M). The y-axis denotes the ratio between the peak ⌬F/F o responses to 1 s puffs of DHPG in the test condition over the value obtained in control for the same MLI. * indicates groups in which p was Յ0.05 using the paired Student's t test.
control saline showed that neither the area nor the frequency of the oscillations changed during the 10 min period (data not shown; n ϭ 5). These results suggest that PLC-mediated InsP 3 production contributes to the maintenance of the Ca 2ϩ oscillations. To further test the involvement of InsP 3 Rs, responses to quisqualate were analyzed before and after the addition of caffeine (10 mM) to the bath. At this concentration, caffeine will inhibit InsP 3 Rs and can also activate ryanodine receptors (RyRs) (Bezprozvanny et al., 1994; Hernández-Cruz et al., 1997; Zucchi and Ronca-Testoni, 1997) . We observed caffeine-induced Ca 2ϩ transients, presumably caused by RyR activation, in only 1 of 10 MLIs. This suggests that RyRmediated Ca 2ϩ signals are modest in the somatodendritic compartment of MLIs, even though these receptors are located in MLI axons where they generate spontaneous Ca 2ϩ transients (Llano et al., 2000) . In accord with this interpretation, exposure to a dose of ryanodine (100 M) expected to fully block RyRs had a small effect on the oscillations, as shown in Figure 8 B. Oscillation frequency was the same before and after exposure to ryanodine, although the area under the first transient is decreased by the drug (Fig. 8C shows pooled results from 6 cells). On the other hand, responses to quisqualate were strongly inhibited by caffeine, an effect that reversed on washout to the drug (Fig. 8 D) . On average, the peak amplitude, the area under the first transient, and the oscillation frequency were significantly decreased by caffeine (Fig. 8 E) . These results suggest that release of Ca 2ϩ via RyRs contributes to the magnitude of the first transient, whereas InsP 3 Rs are critical for maintaining the subsequent Ca 2ϩ transients during prolonged administration of mGluR agonist.
Discussion

Cellular mechanisms underlying mGluR1-induced bursting
Our results show that the firing pattern of MLIs changes dramatically from silence or irregular occasional firing in control conditions to highly regular periodic bursting on activation of mGluR1s. Furthermore, our analysis suggests that in the presence of mGluR1 agonists, periods of spiking are locked to changes in Ca 2ϩ . Thus, it is the slow Ca 2ϩ oscillations, with a period of ϳ30 s, that entrain the bursts of action potentials. Finally, the present results indicate that the first Ca 2ϩ transient has distinctive properties and that this early transient plays an essential functional role in initiating the overall Ca 2ϩ oscillation. During the initial phase of the response, two synergistic pathways for Ca 2ϩ influx, L-type Ca 2ϩ channels and TRPC-like channels, are engaged by the activation of mGluR1. In preloaded conditions, in which the membrane potential of MLIs can change as a function of the activity of various conductances, the depolarization caused by the cationic current flowing through TRPC-like channels is likely to provide the gating for L-type Ca 2ϩ channels. The Ca 2ϩ influx through these two plasma membrane proteins would sensitize the PLC and the intracellular Ca 2ϩ release channels, creating optimal conditions for an oscillating Ca 2ϩ signal. L-type Ca 2ϩ channels participate in Ca 2ϩ rises elicited in hippocampal CA3 neurons by mossy fiber stimulation, thought to involve group I mGluRs and InsP 3 -dependent Ca 2ϩ release (Kapur et al., 2001) .
Concerning TRPCs, our results add to the growing list of cellular processes in which these proteins participate (for review, see Moran et al., 2004; Owsianik et al., 2006; Gerber et al., 2007) . It has been reported that antibodies for TRPC6, but no other types of TRPCs, stain cells in the molecular layer that could be MLIs (Huang et al., 2007) . However, immunostaining by Hartmann et al. (2008) shows TRPC3-positive cell bodies in the molecular layer. The properties we obtain for the DHPG-induced currents in MLIs (single-channel conductance of 16 pS; current-voltage relation with strong outward rectification) argue for a TRPC3-like conductance. However, the lack of pharmacological tools prevents us from dissecting the contribution of specific TRPCs to our responses.
Subsequent Ca 2ϩ oscillations do not require action potentials (Fig. 4) or Ca 2ϩ influx (Fig. 7 ), but they depend on the activation removal and of block of L-type channels by 20 M nimodipine (Nimo). Data were analyzed in terms of the peak of the ⌬F/F o signals induced by quisqualate (top) and their oscillation frequency (bottom). The notation "before Quis" refers to experiments in which Ca 2ϩ removal or nimodipine treatment were started 5 min before quisqualate was applied (example in A). The notation "during Quis" refers to experiments in which Ca 2ϩ removal or nimodipine treatment was performed during the oscillatory response (example in B). In the "during Quis" condition, peak ⌬F/F o values were measured 3-5 min after Ca 2ϩ removal or nimodipine treatment, and the frequency of oscillations was calculated from the ensuing 2-3 min of recording. n ϭ 4 for groups Ctl vs 0 Ca before Quis and Ctl vs Nimo before Quis, and n ϭ 6 for the Ctl vs 0 Ca during Quis and the Ctl vs Nimo during Quis groups. * indicates groups in which p was Յ0.05 using the paired Student's t test.
of InsP 3 Rs (Fig. 8) . Thus, the most likely scenario for these transients is a succession of emptying of InsP 3 -sensitive stores into the cytosol, followed by recapture of cytosolic Ca 2ϩ into the stores. Because blockade of PLC does not abolish the mGluR1-induced response, it appears that the basal InsP 3 concentration is sufficient to initiate the response. Nevertheless, blockade of PLC does inhibit the secondary Ca 2ϩ transients, suggesting that activation of mGluR1s and Ca 2ϩ elevation both contribute to activate PLC. Additionally, it is important to note that the continuous presence of agonist is a prerequisite for the generation of the repetitive Ca 2ϩ signals. The reason for such a requirement is likely to be attributable to the fact that InsP 3 is continuously degraded in the cytosol, and its speed of degradation increases with cytosolic Ca 2ϩ (Sims and Allbritton, 1998) . Therefore, to sustain an InsP 3 -dependent oscillation, continuous production of InsP 3 is required, and this necessitates continuous binding of agonist by the mGluRs.
A full elucidation of the mechanisms underlying the secondary Ca 2ϩ transients will await further investigation. However, the exact synchrony between firing and the onset of Ca 2ϩ transients during this phase of the response (Fig. 2 B2) suggests that one effect of mGluR1 activation (perhaps via TRPCs) is to allow the start of each transient by depolarizing the cell.
Upstream signaling: potential stimulation mechanisms
Although the results show that electrical stimulation in the molecular layer can release enough glutamate to trigger mGluR1-induced oscillations, they leave open possibilities of both a PF-and/or a climbing fiber (CF)-mediated stimulation in physiological conditions. In favor of the former possibility, we note that rat cerebellar granule cells (GCs) in vivo spike at high frequency on whisker stimulation (Chadderton et al., 2004) . This bursting behavior is well suited to activate mGluRs at PF-MLI synapses. However, the latter option is also attractive for two reasons. First, recent results indicate that CF stimulation activates MLIs by a spillover mechanism, a type of stimulus that preferentially targets mGluRs (Szapiro and Barbour, 2007) . Second, work in vivo revealed that MLIs and CFs fire together when animals are subject to tactile (Ekerot and Jörntell, 2001) or to vestibular (Barmack and Yakhnitsa, 2008) stimuli.
As discussed above, the maintenance of oscillations requires continuous binding of agonists by mGluRs. The question then arises as to whether glutamate release on MLIs will ever last sufficiently long to produce oscillatory phenomena. A first glimpse into this issue is provided by GC recordings in nonanesthetized cats in vivo, showing that during cutaneous stimulation, the evoked GC spikes last as long as the stimulus is present (Jörntell and Ekerot, 2006 ) (these spikes occur at frequencies up to 900 Hz). We would then expect that, in a behaving animal subject to continuous tactile stimulation, GCs receiving information from cutaneous inputs will sustain firing for periods of minutes and that such firing will lead to mGluR-mediated oscillatory signals. Determining the exact physiological conditions that may produce Ca 2ϩ oscillations in MLIs will require further investigation.
Downstream signaling: potential functional consequences of Ca
2؉ waves in MLI bursts The PF-stellate synapse displays long-term plasticity involving group I and II postsynaptic mGluRs (Rancillac and Crépel, 2004) . The present results suggest that one of the underlying mechanisms for this plasticity is mGluR1-dependent Ca 2ϩ elevation. Furthermore, when mGluR1 activation and subsequent signaling cascades are activated for a sufficiently long period to produce oscillatory signals, profound changes in the mode of firing of MLIs are produced. Such changes could have far-reaching functional consequences. A plausible outcome is a long-term modification in the size of receptive fields, because such a change is induced in vivo by high-frequency trains of PF stimulation applied repeatedly during several minutes (Jörntell and Ekerot, 2002) . The possibility that mGluRs are involved in the long-term plasticity of receptive fields has already been discussed by Karakossian and Otis (2004). ) . B, Oscillatory Ca 2ϩ signals in a preloaded MLI in control condition (top) and 10 min after addition of 100 M ryanodine to the bath perfusion solution (bottom). C, Pooled data (n ϭ 6) for the effects of ryanodine on quisqualate-evoked Ca 2ϩ oscillations in preloaded MLIs. For each MLI, the responses to bath-applied 2 M quisqualate were analyzed in the control condition and 10 -12 min after ryanodine treatment. Block of RyRs did not affect the oscillation frequency, but it significantly decreased the area under the first transient. D, Oscillatory Ca 2ϩ signals in a preloaded MLI in the control condition (top), 5 min after addition of 10 mM caffeine to the bath perfusion solution (middle), and 10 min after washing out the caffeine (bottom). E, Pooled data (n ϭ 10) for the effects of caffeine on quisqualateevoked Ca 2ϩ oscillations in preloaded MLIs. For each MLI, the responses to bath-applied 2 M quisqualate were analyzed in the control condition and 4 -5 min after caffeine treatment. Caffeine drastically reduced the oscillation frequency as well as the amplitude of the response, as indicated by the decrease in areas for both the first transient (first area) and the subsequent oscillations (Subs. area). In A, C, and E, oscillation parameters are expressed as the ratio between the value in the test condition over the value obtained in control saline for the same MLI. * indicates groups in which p was Յ0.05 using the paired Student's t test.
PCs fire bursts of action potentials that are inhibited by the stimulation of complex spikes by CFs (Tank et al., 1988; Cerminara and Rawson, 2004; Womack and Khodakhah, 2004) . The present demonstration, that in certain conditions MLIs can similarly adopt a periodic bursting pattern, raises the possibility that in these conditions, MLIs and postsynaptic PCs could oscillate in phase opposition. Because PCs form a recurrent network together with deep cerebellar nuclei and the inferior olive (Llinas et al., 2004) , MLI bursting could participate in an overall oscillation pattern involving all of these structures. Such oscillations have already been considered on a much faster time base; here we are pointing out the possibility of a similar scheme with an approximately 1000 times slower period.
Comparison of the effects of mGluR1 activation in interneurons and in principal cells
In hippocampal CA1 pyramidal neurons, local application of mGluR agonists (Jaffe and Brown, 1994) and synaptic activation of mGluRs (Nakamura et al., 1999) lead to Ca 2ϩ rises that propagate throughout the dendritic arbor and can reach the neuronal soma (Nakamura et al., 1999) . In contrast, interneurons exhibit oscillations both of electrical activity (McBain et al., 1994) and Ca 2ϩ levels (Woodhall et al., 1999) . The demonstration of robust oscillating signals implicating spike bursts and Ca 2ϩ rises in MLIs raises the possibility of a specific propensity of interneurons to generate slow oscillations in response to mGluR1 activation.
Abnormal motor behavior has been reported in mGluR1 knock-out mice (Aiba et al., 1994; Conquet et al., 1994) . Also, mGluR1 is important for synapse elimination during development (Ichise et al., 2000) . To date, most of the work on the underlying mechanisms concerns metabotropic signaling in PCs, where group I mGluRs have been extensively studied (for review, see Hartmann and Konnerth, 2009 ). Activation of PC mGluRs induces slow synaptic potentials, initially described by Batchelor and Garthwaite (1993) , for which several molecular substrates have been considered, including Ca 2ϩ -permeable smallconductance channels (Canepari et al., 2004) and TRPCs (type C1, Kim et al., 2003; type C3, Hartmann et al., 2008) . Additionally, PCs respond to PF stimulation with mGluR-mediated Ca 2ϩ rises engaging PLC-dependent InsP 3 production and subsequent Ca 2ϩ release from intracellular stores (Finch and Augustine, 1998; Takechi et al., 1998) . In juvenile PCs, mGluRs are also activated on stimulation of CFs, and the ensuing responses play a key role in the pruning of multiple CFs (Dzubay and Otis, 2002) . It is presently unclear to which extent the phenotype associated with mGluR1 deficit should be ascribed to MLIs. A major difference between PCs and MLIs concerns the role of PLC, which is directly responsible for the Ca 2ϩ elevation in the former case, but has only a marginal role in the latter case. In addition, whereas InsP 3 -linked Ca 2ϩ rises in PCs are restricted to small areas of the dendritic arbor (Finch and Augustine, 1998; Takechi et al., 1998) , the responses to mGluR activation that we report for MLIs concern the somatodendritic domain.
In summary, we show that sustained mGluR1 activation leads to a dramatic switch in the spike pattern and Ca 2ϩ oscillations in MLIs. The mechanistic explanation of these changes is explored and roles for both plasma membrane and intracellular channels are described. The slow, highly regular oscillations revealed by the present work are likely to drive pauses in postsynaptic PCs, and could play a role in coordinating slow oscillations involving the cerebello-olivar circuit loop.
